Oxygen distribution and benthic mineralization rates were investigated in a permeable intertidal sand flat (permeability: 3.9 3 10 211 m 2 ) in a transect from the low toward the high waterline. At all stations, oxygen penetrated several millimeters to centimeters into the sediments during inundation because of pore-water advection. The wave-and current-driven deep oxygen penetration caused high oxygen consumption rates (OCRs) and high aerobic mineralization rates at all stations. Because oxygen penetration was enhanced during inundation, 71-90% of the daily oxygen consumption took place in that period. OCRs and sulfate reduction rates (SRRs) changed with inundation time of the stations, emphasizing the importance of pore-water advection for benthic mineralization: OCRs were elevated at the lower flat in summer (lower flat 131-187; middle and upper flat 64-108 mmol C m 22 d 21 ). SRRs increased sharply from the high to the low waterline during all seasons (e.g., in summer: lower flat 18-40; middle flat 8.8-9.4, upper flat 0.5-4 mmol C m 22 d 21 ). A one-dimensional model of the advective organic matter supply to the sediment could only explain a fraction of the organic carbon required for benthic mineralization. This suggests that either transport of particles via the seawater is more efficient than the one-dimensional concept can explain or that additional carbon was supplied through other sources (e.g., benthic photosynthesis). Mineralization rates were higher in summer than in winter. Only in summer did sulfate reduction contribute .20% to total mineralization.
Permeable sandy sediments are relatively poor in organic carbon and were for a long time considered biological deserts (Boudreau et al. 2001 ). More recent research has shown that sands can have high mineralization rates, with rates being similar to those in organic-rich, cohesive sediments (Andersen and Helder 1987; Cammen 1991; Huettel and Gust 1992) .
An important source of organic carbon and oxygen in shallow-water sediments is benthic photosynthesis (Cammen 1991; Berninger and Huettel 1997) . However, the magnitude and depth distribution of benthic mineralization processes depend also to a large extent on the transport of electron acceptors and electron donors from the water column to the sediment and from the sediment surface to deeper sediment layers (Aller and Aller 1998; Huettel et al. 2003) . In cohesive sediments, the main transport occurs by diffusion and by faunal activity (bioturbation/bioirrigation). In permeable sediments, pore-water advection is an additional interfacial exchange mechanism (Huettel and Gust 1992; Shum 1992 ) that can exceed diffusive solute transport rates by orders of magnitude (Boudreau et al. 2001) . Pore-water advection is considered the major reason for high mineralization rates in sands (Webb and Theodor 1968; Shum and Sundby 1996; Huettel and Rusch 2000) because it provides solutes such as oxygen Ziebis et al. 1996) and particulate organic carbon (POC; Rusch and Huettel 2000; Ehrenhauss and Huettel 2004) to the sediments while removing potentially inhibitory end products of mineralization processes. Because of deep oxygen penetration, aerobic mineralization was found to be the dominant mineralization process in permeable sediments (D'Andrea et al. 2002; de Beer et al. 2005) .
The flow rate of fluids in permeable sediments is proportional to the pressure gradient driving the flow and to sediment permeability (Darcy 1856) . In an inundated intertidal sand, flat pore-water advection is driven by pressure gradients caused by the interaction of tidal and wind-/wave-driven currents with sediment topography (Huettel and Gust 1992; Precht and Huettel 2003) or by density changes (Webster et al. 1996; Rocha 1998) . When an intertidal sand flat is exposed, pore-water flow can occur as drainage, driven by a hydraulic gradient developing between the seawater level and the slower dropping porewater level (Nielsen 1990 ). Thus, advective exchange can vary over the tidal cycle. The advective supply of oxygen and organic matter from the water column should, therefore, be proportional to the inundation time of the sediment and, thus, to the distance to the low waterline. This should lead to a spatial heterogeneity in mineralization rates, with rates increasing toward the low waterline.
Field studies on transport and mineralization rates in permeable intertidal sediments (Rusch and Huettel 2000; D'Andrea et al. 2002; de Beer et al. 2005) are rare because the dynamic nature of permeable sediments complicates in situ measurements (Reimers et al. 2004 ). Pore-water advection was shown to cause deepest oxygen penetration during the inundation period in an intertidal flat in the North Sea , whereas air intrusion during exposure caused deepest oxygen penetration in an intertidal flat in southern Portugal (Brotas et al. 1990 ). The importance of the advective organic carbon supply for benthic mineralization was stressed in an in situ study that found the advectively supplied organic carbon to be in balance with the organic carbon mineralized in the sediments (Rusch and Huettel 2000) .
In this study, we investigate the influence of pore-water advection on mineralization rates and sediment oxygenation in an intertidal sand flat. The central objective was to assess whether different inundation times lead to spatial and temporal patterns of oxygen distribution and mineralization rates across the intertidal sand flat. To that end, we measured during different seasons oxygen distribution dynamics, sediment oxygen consumption, and sulfate reduction rates (SRRs) at three stations along a transect stretching from the high waterline toward the low waterline.
Materials and methods
Study site-The study site was located on the intertidal sand flat ''Hausstrand'' in the Sylt/Rømø Basin in the North Frisian Wadden Sea, Germany (Fig. 1) . The basin is a semienclosed lagoon connected to the North Sea through a deep channel (Lister Tief). The influence of freshwater in the basin via atmospheric input or freshwater runoff is ,1% of the tidal water exchange with the North Sea (Backhaus et al. 1998) . From the low waterline, the tidal flat stretches landward over a 100-m-wide, rather level zone, followed by a 30-m-wide, steeper sloping beach face. The tidal flat is protected from the prevailing westerly winds by the island and from currents by a short dam. Current velocities are on average 0.25 m s 21 but can occasionally reach 0.8 m s 21 (F. Wenzhoefer unpubl. data). The tidal amplitude is ,1-2 m. The origin of the sand is mainly eolic. The sediments consisted of silicate grains with a median grain size of 380 mm (determined by dry sieving) and were very well sorted medium sands (Wentworth 1922) . Porosity was on average (6SD) 41 6 3% in the upper 2 cm of the sediment and 35 6 3% below (determination of weight loss of a known volume of wet sands after drying). The sediments were highly permeable, on average 3.9 6 0.3 3 10 211 m 2 (measured after Klute and Dirksen [1986] on cores of ,15 cm length).
The investigation campaigns covered spring, summer, and winter seasons and were conducted in April and August 2002 as well as in February and June 2003. Three stations were chosen on a transect stretching from the low toward the high waterline (distance ,40 m between stations) in the level part of the tidal flat, where sediments remain water saturated through capillary forces during exposure. The lower flat station was situated close to the mean low waterline (55u00952.8N; 08u26916.9E). The station in the middle of the transect was influenced by a shallow (,0.5-2-cm-deep) but broad (up to 5-m-wide) tidal gully in February and June 2003. The mean water level above the sediment during inundation was 1.9 m at the lower station, 1.50 m at the middle station, and 1.30 m at the upper station. The abundance of macrofauna at the Hausstrand was found to be rather low (seven individuals per square centimeter [ind. cm 22 ]), whereas meiofauna was abundant (6,000 ind. per 10 cm 2 ; Armonies and HellwigArmonies 1987).
Sampling-If not stated differently, surface sediment samples were taken with acrylic core liners (inner diameter 3.6 cm; sampling depth 10-15 cm). Samples at one station were randomly taken within 2 m 2 . The investigated parameters, number of replicates, and experimental settings are summarized in Table 1 .
In situ sensor studies-For in situ sedimentary profile time series, microsensors were mounted on a deep-sea profiler as described in Glud et al. (1999) and in Wenzhoefer et al. (2000) . Oxygen concentration profiles were measured with the use of Clark-type oxygen microelectrodes (Revsbech 1989; de Beer et al. 2005) . Temper- ature was measured with a Pt100 electrode (Umweltsensortechnik, Germany); the sediment surface was monitored with a resistivity sensor. Time series of downward profiles were continuously measured over several tidal cycles (up to 56 h). Each profile was recorded within 25-35 min. A pause of 5 min between profiles reduced sediment disturbance by the intruding microsensors.
Oxygen consumption rates-Potential volumetric oxygen consumption rates (pOCRs) were measured in the laboratory on freshly collected intact sediment cores as described previously Polerecky et al. 2005) . This method derives the local pOCRs from the decrease of oxygen in time after stopping air-saturated water flow through the core. Oxygen was monitored with microsensors (April 2002) or planar oxygen optodes (all other campaigns). The oxygen microsensor was successively positioned at various depths within the sediments to obtain pOCR profiles with depth intervals of 2 mm (0-3-cm depth) to 5 mm (below the 3-cm depth). For the assessment of pOCR with planar optodes, we used rectangular stainless steel cores (inner dimensions 70 3 75 mm, height 250 mm). The planar optode technique allowed the calculation of pOCR with a resolution of ,300 mm (optode area ,25 3 150 mm; resulting oxygen image size 80 3 480 pixels). Experiments were conducted at the average in situ temperature (Table 1) .
To obtain areal OCR, the pOCR were integrated over the oxygen penetration depths as obtained from the in situ oxygen profile time series . We assumed pOCR to follow zero-order kinetics with respect to oxygen (Thamdrup et al. 1998 ). For the assessment of daily areal OCR, oxygen penetration depths measured over full tidal cycles were used.
Sulfate reduction rates-Volumetric SRRs were measured with the whole core 35 SO 22 4 radiotracer incubation method (Jørgensen 1978) (Amersham) was added to 70 mL of ambient seawater to a specific activity of 340 MBq mol 21 SO 22 4 . The anoxic seawater tracer solution was percolated into the core within 2 min. After incubation of 4-6 h at the average in situ temperature (Table 1) , the incubation was terminated by transferring the sediments into 20% ZnAc (sectioned with 1-cm depth resolution). Samples were processed by the cold chromium distillation procedure (Kallmeyer et al. 2004 ). Radioactivity of 35 SO 22 4 and total reduced inorganic sulfur was determined with a liquid scintillation counter (Packard 2500 TR) with the use of Lumasafe Plus (Lumac BV, Holland) scintillation cocktail. Because the SRRs were assessed without an effect of advectively supplied oxygen on SRRs, the volumetric SRRs are considered potential SRRs (pSRRs). In the field, deep oxygen penetration might lower SRRs. Therefore, we considered pSRRs integrated over the entire sampling depth as a maximum estimation of depthintegrated SRRs. To obtain a minimum estimation of depth-integrated SRRs, we integrated pSRRs over only the anoxic sediment depths as deduced from the in situ oxygen measurements.
Aerobic mineralization rates-Aerobic mineralization rates were calculated by subtracting depth-integrated SRRs (expressed in equivalents of oxygen used for the oxidation of sulfides produced to sulfate) from the OCRs. We regarded sulfate reduction to be the most important anaerobic respiration process; other anaerobic processes were not considered.
Bottom water filtration rates-Bottom water filtration rates (L m 22 d 21 ) during inundation were estimated from in situ oxygen penetration depths and pOCR data (Polerecky et al. 2005) according to
where n f is the flow rate (L m 22 h 21 ), Ð z a 0 OCR z ð Þdz is OCRs (mol m 22 h 21 ) integrated over the sediment depth (z a ) where oxygen transport is dominated by pore-water advection (i.e., deduced from oxygen profiles, the zone z a , where diffusion is negligible, is ,1.5-3.5 mm shallower than the oxygen penetration depth), c 0 is the oxygen concentration in the overlying water (mol L 21 ), and c za is oxygen concentration at depth z a . With this approach, only the vertical component of the water flow is estimated. The amount of organic carbon that is transferred to the sediments by bottom water filtration was estimated from the bottom water filtration rates and the POC content of the water column.
Water column current velocities-Water currents 5 cm above the seafloor were measured with a Nortek Acoustic Doppler velocimeter (ADV).
Pore-water flow velocity-Pore-water flow velocities were measured with a modification of the method described in Precht and Huettel (2004) . The passage of a fluorescent dye tracer (Fluorescein, 100 mg L 21 ) through the sediments was followed by six optical glass fiber sensors (tip diameter 140 mm, Radiall) fixed to a plane wire mesh with a distance of 6 mm between sensors. The average porewater flow velocity was calculated from the time interval between the geometric centroids of the signal curves at consecutive sensors. During exposure, a small incision was cut into the sediment to the desired depth (see Table 1 ), and the optical fibers were carefully inserted several centimeters into the undisturbed part of the sediment. After rebuilding the sediment surface, 1 mL of the dye solution was injected into the sediments at the depth of the sensors through a syringe needle that was fixed to the upstream end of the mesh. The sensor array orientation was parallel to the sediment surface and roughly perpendicular to the low waterline, with the first sensor (near the dye injection) positioned toward the upper flat and the last sensor toward the low waterline. Other orientations did not show any measurable pore-water flow. During inundation, the sensor array was carefully pushed into the sediments by a diver and positioned first parallel to the sediment surface at 2-cm depth, with the sensor tips arranged along the main current direction. The dye was injected near the first sensor that was positioned toward the upstream direction of the current flow. To measure vertical flow below ripple troughs, we also inserted the sensor array vertically in relation to the sediment surface (dye injection near the sediment surface).
Sedimentary total organic carbon and pore-water solutesSediment samples (1-cm depth intervals) for the analysis of total organic carbon (TOC) were freeze dried, ground, and acidified with 1 mol L 21 HCl to remove the inorganic carbon. TOC was determined with the use of a Heraeus CHNO rapid elemental analyzer with sulfanilamide as a calibration standard. Pore-water sulfate concentrations were determined as described in Ferdelman et al. (1997) with nonsuppressed ion chromatography and conductivity detection with a Waters IC-Pak anion exchange column (50 3 4.6 mm) and a Waters 430 conductivity detector. Salinity was measured with a refractometer.
Water column parameters-For the analysis of POC and suspended matter (SM), water was filtered on weighed and precombusted (600uC, 6 h) Whatman GF/F filters, rinsed with deionized water to remove the sea salts, and stored at 220uC. POC was analyzed as described above for TOC. SM was determined by the weight differences of the empty and loaded dry filter. Water samples for the analysis of chlorophyll a (Chl a) were filtered through Whatman GF/C filters, extracted overnight in 90% acetone at 4uC in the dark, and analyzed spectrophotometrically for Chl a content according to Jeffrey and Humphrey (1975) . Chl a samples were taken every 3-5 d within an annual sampling campaign.
Macrofauna-Samples for macrofaunal abundance were taken with plastic core liners (inner diameter 19 cm; sampling depth 15 cm) during exposure at the middle flat in August 2002. The samples were sieved through a 500-mm mesh. Animals were sorted and determined to species level with a stereo microscope. Individuals of Nereis diversicolor were divided into juveniles (,1 mm prostomium width) and adults. Abundance of Arenicola marina was determined by counting fecal mounds in randomly chosen quadrates (n 5 10).
Results
General site description-The average daily inundation time was 7.5 h longer at the lower flat station than at the upper flat station (Table 2) . Longest inundation times were recorded for all stations in June. The inundation times were calculated over a 4-week period, including the 3 weeks of the investigation campaigns (tide gauge list, with permission of Wasser-und Schifffahrtsamt Tö nning, Germany). Highest average water temperatures were measured in August 2002 and lowest in February 2003 (Table 3) . Sediment grain size distribution, porosity, and permeability did not vary between stations or seasons.
Oxygen penetration depth and dynamics-Oxygen penetration reached several millimeters to centimeters into the sediments at all stations (exemplary time series of oxygen profiles and summary of all oxygen penetration depths during exposure and inundation are shown in Fig. 2a-c and Fig. 3, respectively) . Oxygen penetration depths varied at least half-hourly (time needed to measure a profile) and were significantly different between inundation and exposure periods of the flat (nonparametric U-test, p , 0.01, all stations, except at lower flat in February), with a deeper and more variable oxygen penetration during inundation. The simultaneous employment of the ADV and the automatic profiler showed a covariance between the oxygen penetration depth and the current velocity of the overlying water during inundation (Fig. 4) . During inundation, oxygen profiles often had a sigmoid shape (Fig. 5a ). During exposure, benthic photosynthesis occasionally increased oxygen penetration depth (Figs. 2b-c, 5b) .
At all three stations, oxygen penetration depths and dynamics were similar, both during inundation and exposure periods (Fig. 3) . Only in April, oxygen penetrated deeper at the lower flat during inundation and exposure, respectively. Oxygen penetration depth depended on season (e.g., Fig. 3 ), reaching deeper in winter than in summer at similar bottom current velocities (Fig. 4) .
Volumetric OCRs-The highest pOCRs were found near the low waterline in the summer months (Fig. 6) . Most of the potential OCR profiles had a small peak in the top centimeter of the sediment and were otherwise rather constant with depth. The pOCRs were strongly influenced by season, being ,10-20 times higher in April, June, and August than in February.
Volumetric SRRs-Volumetric SRRs decreased from the lower flat station toward the upper flat during all seasons (Fig. 7) . The differences between stations were most pronounced in August. pSRRs generally had a peak in depths of 1-2 cm or increased below that layer in spring and summer, with the peak width increasing toward the lower flat. In winter, pSRRs increased below depths of 4-5 cm at the lower and the middle station. Similar to pOCRs, pSRRs were highest in summer. In contrast to pOCRs, pSRRs were low in spring. The largest seasonal variability was found at the lower flat and smallest at the upper flat ( Fig. 7 ; Table 4 ). Pore-water sulfate concentrations at all depths and at all stations were equal to concentrations in the overlying water (Table 3) and were, thus, not limiting SRRs.
Areal OCRs-Areal OCRs were higher during inundation than during exposure because of deeper oxygen penetration (Fig. 8) . At all stations, 71-90% of the daily areal OCRs took place during inundation (Fig. 9) . In August and June, the highest areal OCRs were found at the lower flat station and, in February, at the intermediate station ( Fig. 9 ; Table 4 ). The differences between the remaining stations were not pronounced. Areal OCRs showed a pronounced seasonal variability, with lowest rates found in winter.
Depth-integrated SRRs and aerobic mineralizationDepth integrated SRRs increased sharply from the high toward the low waterline (Table 4) . Minimum estimations of depth-integrated SRRs (data not shown) hardly deviated from maximum estimations (8 of 12 measurements were ,10% lower than the maximum estimations). The contribution of sulfate reduction to total mineralization increased toward the low waterline (Table 4) . A maximum contribution of 21% was found in August at the lower flat station. At the upper flat station, sulfate reduction contributed ,1% to total mineralization in August and February, but 6% in June. Estimated areal aerobic mineralization rates were high (Table 4 ) at all stations. These estimates assume that other anaerobic processes had only negligible influence on mineralization. Bottom water filtration rates-The bottom water filtration rates ranged between 1.5 and 34 L m 22 h 21 . In winter, the calculated bottom water filtration rates were unrealistically low and were not included in further calculations.
Because bottom currents and grain size were similar between winter and summer, bottom water filtration rates are also expected to be comparable. Differences in calculated bottom water filtration rates per hour inundation time (Table 2) were small among the three transect stations in April, June, and August. However, the total daily volume of water pumped through the sediments decreased from 430 to 280 L m 22 d 21 toward the upper station because of the decreasing length of inundation time.
The total amount of carbon received by the sediments from the water column by advective filtration increased toward the lower flat station (Table 2 ) because of the inundation-coupled higher filtration rates at the lower flat. This calculation is based on the simplifying assumption that all POC in the infiltrated water volume is captured by the sediments (on the basis of an averaged water POC content of 0.07 mol L 21 , dissolved organic carbon [DOC] was not considered).
Surface pore-water flow velocities-During exposure, pore water drained horizontally toward the low waterline of the flat, with 6-8 cm h 21 in the upper 5 cm and only half that velocity at 10 cm sediment depth (3-4 cm h 21 ). The horizontal pore-water flow velocities were similar over the entire exposure time at 2 and 5 cm depth, only at 2 cm depth, the flow velocities decreased shortly before reinundation of the station (data not shown). The flow direction reversed only when the incoming tide was nearly above the measuring setup. After inundation, the dye tracer quickly dispersed and was then not detectable with the linear sensor array.
Sediment parameters-The average TOC content of the sediments was ,0.1% at all stations. The lowest TOC content was always found at the upper station (0.04% 6 0.02% for all investigations), whereas at the middle and lower flat stations, it varied between 0.05% and 0.09%. TOC was highest in the upper 2 cm of the sediments and usually decreased with depth. There was no clear seasonal trend. Fig. 3 . Oxygen penetration depths measured at the three transect stations during exposure and inundation of the flat. The horizontal lines of the box denote the 25th, 50th, and 75th percentiles; the square dot inside the box represents the mean. The error bars denote the 5th and 95th percentiles; the symbols above and below the whiskers represent the extremes. The lower station was not exposed in June to the high water level in the Sylt Rømø Basin. Water column parameters-Water column POC concentrations were similar in all investigated months except for high values in February (Table 3 ). There, the high POC content coincided with a high load of SM (Table 3) that might have been related to a storm event. The Chl a content in the water column was highest in April and similar between the other investigation months.
Macrofauna-We found on average 1,108 6 177 macrofaunal organisms per square meter at the middle flat (August 2002). The polychaete N. diversicolor was dominant (776 6 106 ind. m 22 ), accounting for 70% of macrofaunal organisms. Of Nereis, 87% (63%) were juveniles. The second most abundant species was the polychaete Scoloplos armiger, accounting for 20% of macrofaunal organisms. A. marina was not abundant (2.5 6 1.9 ind. m 22 ).
Discussion
Significance of pore-water advection for sedimentary oxygen distribution-The sediments at the investigated site are highly permeable and facilitate pore-water advection (Riedl and Machan 1972; Thibodeaux and Boyle 1987; Huettel and Gust 1992) . The sediments are homogeneous along the transect, and given similar hydrodynamic conditions, the pore-water advection at the three stations should be comparable in magnitude. Indeed, during the inundation period, oxygen penetration depths and estimated bottom water filtration rates were similar at the three stations. However, oxygen distribution and dynamics were strongly linked to the tidal cycle. The deeper oxygen penetration during inundation and the covariance between oxygen penetration and current velocity of the overlying water (Fig. 4) demonstrated the importance of pore-water advection for sediment oxygenation. The correlation between oxygen penetration depths and boundary flow velocity was affected by the tight link between sediment topography and pore-water advection and the effect of the ensuing two-dimensional oxygen distribution pattern on the one-dimensional profile measurements: Although highest oxygen penetration occurs in ripple troughs (high pressure, water flow into the bed), low penetration depths are found below ripple crests (low pressure, anoxic porewater upwelling) (Huettel and Gust 1992; Shum and Sundby 1996; Precht et al. 2004) . In winter, the observed relatively low correlation of oxygen penetration and water current velocity might partly result from the low OCRs because the sediments remained oxygenated for some time, even when current velocities decreased (Fig. 4) . Enhanced oxygen transport compared with diffusion in the upper sediment layers can also be inferred from the sigmoid shape of the oxygen profiles measured during inundation (Revsbech et al. 1980) . Also during tidal flat exposure, sedimentary oxygen distribution remained dynamic and the in situ oxygen penetration was usually deeper than in retrieved cores (oxygen penetration depth , 2 mm in summer; data not shown), in which diffusion was the only transport mechanism. One cause for deeper oxygen penetration during daylight was the oxygen production by benthic photosynthesis. Also, faunal transport, runoff of a thin superficial water film (as often observed during ebb tide), and the fast drainage flow could have contributed to oxygen penetration and dynamics during exposure. Our observations on the variability of oxygen dynamics over the tidal cycle differ from previous findings by Brotas et al. (1990) , who reported deepest oxygen penetration during exposure of an intertidal sand flat because of air intrusion. An intrusion of air during exposure was not observed in our study.
Significance of advective oxygen transport for benthic mineralization rates-Advective supply of oxygen and organic matter from the water column to the benthic system is considered to be a main reason for high mineralization rates in permeable sediments (Webb and Theodor 1968; Huettel and Gust 1992; Shum and Sundby 1996) . Magnitude and patterns in benthic mineralization rates found in our measurements reflect advective supply of oxygen. The latter promoted high areal OCRs, which were at the upper end of OCRs found in previous investigations in intertidal flats (e.g., Rusch et al. 2001; Magalhaes et al. 2002) . The varying oxygen supply over the tidal cycle resulted in a pronounced temporal variability of areal OCRs (Fig. 8) . Because of the deep advective oxygen penetration, between 71% and 90% of the daily areal OCRs took place during inundation of the flat.
Our study shows that it is critical to include boundary layer hydrodynamics when assessing OCRs in permeable beds. However, our laboratory core percolation method might have produced maximum OCRs because the percolation velocity was adjusted to lead to an even oxygen distribution within the sediments (Polerecky et al. 2005 ). In The subsurface oxygen peak of the day profiles shows oxygen production by benthic photosynthesis. The night profile during inundation shows the oxygen supply to deep sediment layers by pore-water advection, whereas the oxygen distribution measured during exposure at night could be dominated by diffusion. situ, OCRs might be lower because anoxic microenvironments could remain in the presence of weak pore-water flows (Reimers et al. 2004) . The percolation might, on the other hand, reduce OCRs by replacing pore water with seawater having a lower DOC concentration. Extrapolating pOCRs measured at one time point to daily rates neglects other factors that could lead to a variability of OCRs, such as diel rhythm of faunal activity (e.g., Wenzhoefer and Glud 2004) .
Because of the deep oxygen penetration, aerobic mineralization dominated sediment surface layer mineralization at all stations (Table 4) , as previously found for intertidal permeable sediments (D'Andrea et al. 2002; de Beer et al. 2005) . The high aerobic mineralization rates are in contrast to findings in finer grained coastal sediments, in which oxygen penetration and aerobic mineralization are restricted to a few millimeters, and sulfate reduction can account for up to 50% of total mineralization (Jørgensen 1982) . The deep advective supply of oxygen might be a major factor for the elevated OCRs (potential and areal) and aerobic mineralization rates at the lower flat station.
Because of the longer inundation time, the amount of oxygen flushed through the sediments here was highest; thus, conditions might be beneficial for aerobes for longer time periods. The absolute numbers estimated for aerobic mineralization are, however, debatable because the calculation from OCRs and SRRs is based on several assumptions: a) Reduced substances mainly result from sulfate reduction and b) OCRs (an integrated signal over aerobic mineralization and oxygen consumption by reduced substances from anaerobic decay) are an approximation of the total benthic mineralization. We assumed SRRs to be the dominant anaerobic mineralization process because, in the Hausstrand, concentrations of oxidized iron (1 mmol cm 23 ), and oxidized manganese were found to be too low to contribute significantly to organic matter mineralization (Thamdrup 2000) and oxygen consumption. Also, nitrate reduction rates reported from sands are low (Marinelli et al. 1998; Vance-Harris and Ingall 2005) . A similar partitioning between benthic mineralization pathways as observed in our study site was also found in the nearby Kö nigshafen intertidal sand flat ( Kristensen et al. 2000) . When considering OCRs as approximations of total benthic mineralization, reduced substances from the anaerobic decay have to contribute to sedimentary oxygen uptake in the spatial and temporal vicinity of their production. In permeable sediments, however, the advective pore-water transport could lead to a rapid dislocation of reduced substances from deep sediments layers into the oxidized sediment layers below ripple crests (Huettel et al. 1998; Precht et al. 2004) , in which they could locally enhance OCRs. The fast porewater drainage during exposure of the flat might also transport reduced substances toward the low waterline (Billerbeck unpubl. data). Our data indicate, however, no significant accumulation of reduced substances in the oxidized sediment layers of all stations because, in this layer, pOCRs hardly decrease after repetitive flushing with oxygenated water (data not shown). In contrast, pOCRs decreased sharply on repetitive flushing in the sediment layers below maximum oxygen penetration, as reduced substances were increasingly oxidized or flushed out of the sediments (Polerecky et al. 2005 ).
Significance of advective organic carbon filtration for benthic mineralization rates-The transport of organic matter from the water column into the sediments with fluid flows is considered a key factor for benthic mineralization in the organic carbon-poor sands Rusch et al. 2001) . The concurrent increase of mineralization rates with inundation time (i.e., time of pore-water exchange) supports the importance of porewater exchange for organic carbon supply and benthic mineralization. Interestingly, our estimates of bottom water filtration rates indicate that this filtration might only supply a fraction of the organic carbon required in benthic mineralization (Tables 2, 4 ). Because the stoichiometry of organic carbon oxidation is roughly 1 mol C org : 1 mol O 2 , the results suggest that in the summer months, areal OCRs at the respective sites are .4-7 times higher than the estimated amount of advectively filtrated organic matter. One explanation for this discrepancy could be that bottom water filtration and associated advective organic matter supply rates are conservative estimates. The one-dimensional calculation of bottom water filtration rates estimates the minimum amount of oxygen (and thus the minimum water volume) that needs to be vertically supplied to the sediments to result in the measured oxygen penetration depths given the local OCRs. This approach assumes that all oxygen provided by advection is consumed and contributes to oxygen penetration. In reality, pore-water advection follows a curved path through the sediments, and in the top sediment layers, oxygenated water will leave the sediments before all oxygen is consumed (Shum 1993) . Therefore, the calculation of pore-water exchange that uses oxygen profiles and OCRs misses a share of the advective pore-water exchange. This became most obvious in winter when OCRs were low and the amount of oxygen escaping the sediments high. This is why the filtration rates estimated for winter were unrealistically low. However, transport of POC differs from that of oxygen. Although dissolved oxygen can be flushed out of the sediments, filtered particles get trapped in the sediments (Rusch and Huettel 2000) . Thus, by underestimating the bottom water filtration, the amount of particles transferred to the sediment is also underestimated. In contrast to oxygen, particulates can also be captured by lateral sediment transport or can be removed from the sediments by resuspension events (Barranguet et al. 1998; Huettel et al. 2003) . However, a suitable modeling for advective carbon supply is still missing (Boudreau et al. 2001) .
The mismatch between the respired and filtered organic carbon could also indicate that other processes than porewater advection are significant sources for organic carbon at the intertidal flat. These could be benthic photosynthesis, filtration of organic matter from the water column by suspension-feeding macrofauna, and gravitational sedimentation of organic material. Benthic photosynthesis supplied organic material on the order of 35 mmol C m 22 d 21 (net rates) at the middle flat in summer and autumn Billerbeck unpubl. data) . Thus, ,50% of the organic carbon used in benthic mineralization could be provided by benthic photosynthesis. To explain the pattern found for mineralization rates along the transect, benthic photosynthesis must increase toward the low waterline and maintain high rates during the inundation of the flat. Measurements of benthic photosynthesis in intertidal Wadden Sea sediments were mostly conducted during exposure (e.g., Colijn and De Jonge 1984; Migne et al. 2004 ) because water turbidity is considered to limit light availability for benthic photosynthesis during inundation. In an in situ study at a nearby intertidal flat at Sylt, where waters were clear, Asmus (1982) showed that microphytobenthos contributed 68% to total primary production during inundation. In a sublittoral station 100 m away from our study site, sands were found to be net autotrophic, and photosynthesis rates increased with increasing pore-water advection rates (Cook and Røy 2006) . Thus, longer periods of pore-water advection are beneficial to benthic photosynthesis rates and can compensate for the effect of reduced light conditions. Macrofaunal abundance was low at the middle station and lower compared with previous investigations (Armonies and Hellwig-Armonies 1987). However, the dominating polychaete N. diversicolor, a facultative suspension feeder (Riisgå rd 1991), was found to be able to pump 500-9,500 L m 22 d 21 of water (453-3,357 ind. m 22 ) into the sublittoral sediments when restricted to suspension feeding (Vedel and Riisgå rd 1993) . Suspension feeding might, thus, contribute noticeably to organic carbon fluxes into the sediments. However, the individual pumping rates depended on the biomass (Vedel and Riisgå rd 1993) , which might be low at the Hausstrand because the N. diversicolor population was dominated by juveniles and small adults. An estimate of the transport of organic carbon by N. diversicolor is further complicated because it is not known how frequently these organisms use the suspension-feeding mode at the study site. At all stations, we occasionally observed ephemeral oxygen peaks in the oxygen profile time series that might result from faunal irrigation activity. Bioirrigation can, however, not be quantified from these one-dimensional oxygen profiles. Armonies and HellwigArmonies (1987) observed highest abundances of macrofauna at the high waterline, which suggests a less important role of macrofaunal pumping for the pattern found in the benthic mineralization rates. However, differentiation down to species level is missing to clarify the role of bioirrigation for the pattern found in mineralization rates.
Gravitational sedimentation of POC from the water column might be highest at the station with the longest inundation time. However, we estimated a bed shear stress of 0.4 Pa for the intertidal flat (calculated from June ADV data; Billerbeck unpubl. data). A bed shear stress of ,0.2 Pa was reported to be sufficient to erode sediments, with a grain size up to 63 mm (Deussfeld and Pasche 2003) . This indicates that gravitational sedimentation of POC might be of minor importance as a source of organic carbon because deposited fine particles can be immediately removed from the sediment surface. Other sources for organic material, such as terrestrial, groundwater, or eolic fluxes, might also be of minor importance for the pattern and magnitude found in benthic mineralization rates in surface sediments (e.g., a groundwater inflow was not detected in the surface sediments). The fast drainage transport toward the low waterline during exposure might support microbial activity at the low waterline by cotransporting electron donors and electron acceptors.
The differences in mineralization rates between stations were most pronounced for SRRs. Sulfate was not limiting and similar for all stations; thus, our data suggest an increasing limitation of SRRs by suitable organic substances toward the upper flat. At the upper flat, SRRs hardly increased after an addition of acetate (Werner unpubl. data). Thus, the abundance of active sulfatereducing bacteria (SRB) might be relatively low at this station, indicating unfavorable environmental conditions for SRB over long time periods. Because of the lower input of organic matter, compared with the other stations, the sediments at the upper flat might remain more oxidized, which could hamper sulfate reduction. For OCRs, differences between sites were less pronounced than for SRRs, which could be explained by a variety of factors. The organic material at the upper station might be more refractory and, thus, more susceptible to aerobic than anaerobic mineralization (Hulthe et al. 1998; Kristensen and Holmer 2001) and thereby maintain higher aerobic mineralization rates. A contribution by meiofauna to the utilization of oxygen might increase toward the upper flat stations, where highest abundances were found (Armonies and Hellwig-Armonies 1987) . Macrofaunal oxygen consumption is not quantitatively included in the OCRs because the cores used for the measurements were too small to retrieve a representative sample for macrofauna evaluation.
The input of organic material from the water column or from the top sediment layer by benthic photosynthesis is reflected in the depth distribution of the potential OCRs and SRRs. In some measurements, maximum pOCRs were found above the pSRR peaks (Figs. 6, 7) . Highest pSRRs were often measured at the interface between the oxygenated and anoxic sediment layers, which explains why SRRs integrated either over the entire or only over the anoxic sampling depths were rather similar. Most sedimentary bacteria are attached to sand grains; thus, a horizontal stratification of microbial populations in the top sediment layers was not expected because of the advective pore-water flow pattern, regular reworking of sediments by migrating ripples, and bioturbation. Our results indicate, nevertheless, that a zonation of pOCRs and pSRRs can be established.
Seasonal pattern of mineralization rates and oxygen distribution-As reported in numerous studies, benthic mineralization rates vary in the sediments of the Wadden Sea over the year because of the dependency of chemical and biological processes on temperature and because of the variation of the organic matter supply by the water column and benthic primary production (Kristensen et al. 1997 ).
Our results support these observations because OCRs, aerobic mineralization, and SRRs were highest in the warmer months. June had lower mineralization rates than August, which can be explained by lower ambient temperatures and the low carbon content in the overlying water column. In April, measurements were preceded by the spring bloom (van Beusekom unpubl. data). The high load of easily degradable organic carbon (as indicated by the high Chl a concentration in the overlying water) promoted OCRs in April that were comparable to OCRs measured in summer, although temperatures were lower. The response of SRRs seemed to be more delayed because SRRs in April showed only a small peak in the upper sediment layer but generally remained low. At the upper flat, SRRs hardly varied between seasons, stressing the limitation of SRRs by organic matter at this station.
Although hydrodynamic conditions were comparable between summer and winter (Fig. 4) , oxygen penetrated deeper in winter than in summer because of increased oxygen solubility and reduced sedimentary pOCRs. The low areal OCRs during winter showed that the deeper oxygen penetration could not counteract the lower OCRs. In April, oxygen penetrated deeper at the lower flat than at the other stations, perhaps because of 3-4uC lower temperatures during these measurements, which were conducted first within the campaign. The following measurements at the other two stations were conducted at higher ambient temperatures and directly after the spring bloom, which might also have fueled benthic mineralization rates.
Our study demonstrates the importance of pore-water advection for sediment oxygenation and for benthic mineralization in high-permeability intertidal sediments. The advective supply of oxygen shifted total benthic mineralization toward aerobic processes and, because of the deep oxygen penetration, areal OCRs were elevated during inundation compared with the exposure time of the sand flat. It is likely that this advective effect is not restricted to the intertidal but extends to the shallow shelf, where permeable beds permit flushing of the upper sediment layer (Marinelli et al. 1998; Jahnke et al. 2000; Reimers et al. 2004 ). However, the contribution of organic matter supply by pore-water advection to total benthic mineralization remains to be investigated. The high benthic mineralization rates emphasize the importance of sandy sediments for the coastal marine carbon cycle.
